The FPGA (Field Programmable Gate Array) technology, usually a little unnoticeable, almost from the very beginning is developed simultaneously with the microprocessor technology. The possibility for the system designer or end user to influence the internal structure of the integrated circuit gives unattainable possibilities of building plastic and fully massively parallel systems that fit in almost one integrated circuit. This fact allows, among others for building fully parallel multi-point measuring systems. This manuscript presents the architecture proposal for such an FPGA-based exemplary multichannel measurement system and presents the results of its practical use to study the functioning of a tubular heat exchanger in automotive air-conditioning.
INTRODUCTION
From the very beginning when we are dealing with new technologies and with various kinds of technical devices or we are trying to explore and understand complex systems occurring naturally in nature, then there is always a need to perform various measurements. Thanks to such measurements, we can, for example, determine the technical condition of the device or system, detect structural abnormalities or we can assess the effectiveness of its individual components [1] [2] [3] . A smaller problem is in the case, when we need to have measured a physical quantity only in a single point. Such a measurement, which of course takes a certain amount of time, will determine the value of the measured quantity over a given time interval. It is worse when we have to make a __________________ multipoint measurement of some physical quantity, e.g. on the surface of a working mechanical or electronic device. Performing measurements one by one at specific points in the device is a solution, but produces a significant phase error in the time domain. Obtained in this way measurements of the measured quantity at different points of the device are slightly offset from one another in time, which in some cases may lead to erroneous analyzes and conclusions. Therefore, it seems advisable to build multi-point measuring systems that perform independent measurements at all tested points simultaneously (in parallel) without phase shifts in the time domain.
The motivation for adopting and commissioning the solution described here, i.e. a multi-point measuring system that allows to perform many parallel measurements simultaneously at the same time (in this case temperature), was the need to examine the effectiveness of a proposed innovative tube-in-tube type of heat exchanger with torsion channels, intended for car air conditioning systems and implemented as part of the project INNOTECH-K3/IN3/2/225688/ NCBR/14. Car air conditioners operate by using different types of coolant [8] [9] in combination with various heat dissipation components. The project concerns a new solution applied in car air conditioners with CO 2 as a cooling medium. To build those air conditioners, aluminum alloys has been applied in the construction of their key components [4] [5] [6] [7] . Assessment of the efficiency of such an exchanger requires determining the temperature on its surface at a given time simultaneously at many different points along its entire length. Performing individual measurements in a sequential manner one by one would not provide the right data for further analysis. The proposed measurement system is universal and could also be used in other diverse solutions of heat exchangers [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The eternal need for multi-point performance of various types of measurements has long been the cause of many previously proposed solutions. The simplest method of realizing this type of measurements is the use of already existing serial buses allowing communication between the controller (master) and multiple sensors (slaves). The most popular buses of this type are: 1-Wire, I2C, SPI or RS485. As a bus driver, a microprocessor or a single-chip controller is usually used. An example of such a solution is described in 19. The authors presents there a flexible and multi-sensor temperature measurement system, consists of a control unit with a microcontroller ATmega 2560 and of only ten different 1-Wire temperature sensors DS18B20. The designed firmware has a pipeline architecture which of course increased the time of full measurement but it didn't solve the time phase problem between all channels, which do not appears in our approach here. Much better proposition is to drive each sensor independently in parallel way but then it required multiprocessor controller where we have to use dedicated processor for each sensor. As an alternative to this, we can also use a programmable logic chip FPGA (Field Programmable Gate Array). Such a chip allows parallel hardware implementation of an independent controller for each sensor. Our paper describes exactly this method of multipoint measurement of physical quantities. Similar approach was presented in 20. The author proposes a system that utilizes parallel multi-channel temperature measurements with digital temperature sensors operating on separate serial 1-Wire buses but the system allows only six digital temperature sensor and uses wireless Bluetooth module to communicate. In our approach, number of sensors depends only on the logical capacity of the FPGA chip and we uses 100 Mb/s Ethernet module for fast and reliable data acquisition. The use of FPGAs is also justified by the fact that they are used in CERN in collision detectors that require extreme detection speed 2122. It also means that in the future it will be very easy to use the concept of the FPGA based measuring device presented here to build very fast multichannel measuring systems. An interesting review of the use of FPGA chips for the construction of sensor systems has been presented in 23. In this article, however, the authors focused more on the construction and optimization of the sensors themselves than on the creation of multi-channel parallel measurement systems. For parallel multi-point temperature measurement, sometimes methods based on infrared radiation are also used. In the article 24, an interesting exemplary system for multipoint temperature measurement of the human body surface is shown. Unfortunately, these types of solutions require direct visibility of the tested object and the measured elements must be protected against reflecting external heat. Therefore, this approach is not appropriate for the applications described in this article.
THE CONCEPTION OF THE MEASURING SYSTEM
The details of dynamic processes in industry resulting from the operation of various types of technological solutions, or the essential details of similar dynamic processes occurring during scientific research, often elude researchers or operators of various types of devices and machines. The need for control and monitoring of physical quantities in processes of this type, such as temperature, humidity, pressure, radiation level and other, at many points of the device simultaneously, i.e. without any phase shifts in time-is often a big challenge for constructors and engineers. Especially if the state of the object or process is to be known in a given very short time.
The standard approach to multi-point measurements of physical quantities based on microprocessors is incorrect when we really want parallel measurements at the same time. When using a single-thread processor, sequential measurements using subsequent sensors causes time phase shifts, which are all the more important the faster and more dynamically the value of the measured quantity changes. In the case of measurements for very slowly changing physical quantities, the error caused by time phase shift can of course be irrelevant in some applications and omitted.
In order for the designed measuring system to be universal and, depending on the needs, easy to adapt, it was decided to build it based on a programmable FPGA chip. The FPGA technology allows an individual end user to configure such a digital circuitry in accordance with its current needs. The FPGA technology allows an individual end user to configure such a digital chip in accordance with its current needs. Additionally, when the need arises, the configuration of the system can be changed any number of times. In other words, the end user influences the current internal logic structure of the integrated circuit. The FPGA chip, depending on the capacity, can consist of tens or hundreds of thousands of individual independent logical blocks, which can be configured and combined into more complex digital structures depending on the needs. This allows to create your own hardware integrated circuit architecture. The internal structure of the FPGA chip can be designed either by means of an electronic scheme or by means of one of the hardware description languages, e.g. VHDL or SystemVerilog. FPGA technology allows for fully hardware, multi-threaded and massively parallel implementation of control algorithms, communication and all other kinds of information processing algorithms. The problem of one computational thread in popular processors and one-chip controllers is only first of the problems. The second important drawback of using processors is the relatively small number of external communication pins they have. This forces the use of a single serial bus that supports multiple sensors by means of their individual addressing. Unfortunately, it additionally increases delays in obtaining data and increases the time phase shifts between the indications of individual sensors. Compared to microprocessors, FPGA chips are characterized by a very large number of useful communication input-output pins which can be used for independent and parallel control of many additional modules and measuring sensors. The advantage of a solution using an FPGA chip with respect to a microprocessor based solution is depicted schematically in Figure 1 . On the left, a standard way of connecting multiple sensors to a single microprocessor is shown. A single digital serial bus (eg I2C, SPI, 1-Wire, etc.) is used, to which all subsequent sensors are connected. The microprocessor must in some way address the specific sensor from which it currently intends to read the data. At any given time, the processor can communicate with only one sensor. On the right side, the method used in the solution proposed in this article is shown. Instead of the microprocessor, a reconfigurable integrated circuit FPGA was used. Each sensor is connected to other chip pins and thanks to this can use a separate and independent serial bus. In addition, each such sensor is operated by a separate independent part of the FPGA logic. Therefore, the FPGA chip acquires data from all sensors at the same time. Thanks to this, it is possible (within one system) to implement many parallel, simultaneous and independent measurement processes. The hardware (not software) solution proposed here, based on a programmable FPGA integrated circuit allows simultaneous (in the full sense of the word) reading data from all used sensors and making those data available through the network transciver to outside computers in the form of measurement vectors. Thanks to this, the data can then be stored safely and securely or it can be analyzed in real time by any computer connected to the network. Fig.2 shows the concepts of the presented solution. Data from multiple sensors are taken simultaneously by the independent modules of "Single Sensor Control Unit" (depicted on the left) and then, by means of the "Shaping Data Packets Unit", they are formed into a multi-point vector of the measured state. The vector formed in this way is sent to the "Network Services and Protocols Unit" where the network packet is created and sent through the Transceiver module via network to PC computers. All the abovementioned blocks, implemented in the FPGA chip using the VHDL hardware description language, work independently and in parallel, and are synchronized only by the logic of data flow. On a PC, any application that supports the used network protocol can download data from the measurement system and process them, also in real time. Moreover, not only one but many independent PCs (or other computers) can perform calculations on the provided data at the same time, which allows multithreaded simultaneous analysis of the same data with different algorithms.
PRACTICAL IMPLEMENTATION OF THE PROPOSED MEASURING SYSTEM
As an example of the application of the concept discussed above, a test stand was designed and implemented to compare the efficiency of tubular heat exchangers (type: pipe-in-pipe) for automotive air conditioning systems. The exchanger to be tested is shown schematically in Figure 3 . A counter-current variant is used here, in which the cold coolant flows through the central exchanger tube and the hot coolant flows through the outer tube. One of the research methods during the design of this type of systems was to measure the dynamics of the temperature distribution on the surface of the heat exchanger in order to check its effectiveness and throughput during operation. In order for such measurements to be possible, the model of the proposed solution was further elaborated by deciding on the types of individual components. This is shown in Figure 4 . To ensure simultaneous temperature measurement in many places of the exchanger, it was decided to use: digital temperature sensors DS18B20 + from MAXIM-DALLAS with temperature measurement range from -55 ° C to 125 ° C and the accuracy of 0.5% declared by the manufacturer. In many cases, a better solution is to use digital than analog sensors because of their initial calibration by the manufacturer. Of course, after proper adaptation, analog sensors can still be used in digital systems 25. In our solution, the temperature sensors were connected via the 1-Wire buses to the programmable FPGA EP3C25 Cyclone III logic chip from INTEL to enable their łindependent and parallel operation. In addition, the Realtek RTL8201CL Ethernet network module has been connected to the FPGA through the MII interface to enable constant and safe transmission of measured temperature values to an external computers. The UDP/IP protocols and broadcast packets were chosen to use.
The use of a programmable FPGA chip in place of a processor allowed for easy handling of a large number of sensors. An additional advantage of this solution is the parallel operation of all twenty-two measuring lines, and therefore all measurements take place at the same time. The undoubted disadvantage of this solution is a rather complicated and long-lasting process of creating a configuration description for the FPGA chip. This process is in fact based on developing a logical structure for a dedicated integrated circuit, using the chosen hardware description language, in this case it was the VHDL language. For example, separate hardware components for temperature sensors were created as well as a hardware MII (Medium Independent Interface) protocol component for communication with the RTL8201CL chip. The headings and data types for these components are shown in Figure 5 and Figure 6 . type ds18b20_type is record event: std_logic; temperature_Xdot0: integer range 0 to 255; --czesc calkowita temperature_0dotX: integer range 0 to 15; --czesc ulamkowa temperature_string:
string(1 to 7); end record; component ds18b20_entity is port( i_clk: in std_logic; i_ds18b20_bit: inout std_logic; --1-Wire i_data: inout ds18b20_type ); end component; Figure 6 . VHDL Ethernet sensor component interface code.
The final effect of the built and commissioned controller for the measuring system is shown in Figure 7 . As already mentioned, the DS18B20 + temperature sensors are connected to a controller based on a programmable FPGA Cyclone III system using a 1-Wire digital bus, while the RTL8201CL Ethernet system using a MII bus. In order to achieve the intended functionality of the system, a dedicated internal configuration for FPGA chip was developed using VHDL hardware description language, including implementation of: type ethernet_type is record port_in: std_logic_vector(2 *8-1 downto 0); -x"2ee0"; port_in_string: string(1 to 5); port_out: std_logic_vector(2 *8-1 downto 0); -x"32c8"; port_out_string: string(1 to 5); trigger_send: std_logic; packet_r:
std_logic_vector( (80+42) *8-1 downto 0); packet_s:
std_logic_vector( (ethernet_LEN+42) *8-1 downto 0); packet_port_to: std_logic_vector ( The final effect of the constructed device is shown below in Figure 8 . Figure 8 . The complete FPGA based device for multipoint temperature measurement. Fig.9 shows (from the left side) the power supply, then the controller based on FPGA chip, which is connected with a special tape with temperature sensors placed on the ends of one and a half meters wires. In order to enable the automatic collection of data during experiments, a dedicated computer application was developed in the C # programming language. An exemplary screen of a running application is shown in Figure 9 . The application allows a real time observation of all measurements being performed, as well as to regularly save them to a text file in CSV format for later processing and analysis. In addition to the above, the application allows the occasional additional correction of temperature sensors indications and let user entering the name of the data file. Adding current measurements to the file can be done manually by pressing the SAVE button at any time, or you can also do it automatically by setting up the "Auto save" option and entering time after which the recording of current measurements will take place automatically. Each measurement vector is saved in a separate line of the text file. The line begins with the date and time of measurement, followed by twenty-two numbers representing measurements from subsequent sensors. The position of the measured value corresponds to the number placed on the temperature sensor from which this value originates. The running measuring station used for the experiments is depicted in Figure 10 . The figure shows the running heat exchanger under test, to which probes with temperature sensors of the constructed measuring device were attached. On the surface of the external exchanger tube, the sensors were placed at a distance of 5.88 cm from each other. Constant input temperatures of hot and cold coolants are provided by the Lauda A100 and Lauda WKL 1000 aggregates. Figure 11 shows one of the average temperature distributions measured by the constructed device on the surface of the tested heat exchanger. The chart was generated using the WolframAlpha. The temperature is marked on the OY axis and the distance from the hot coolant inlet is on the OX axis. Red points show average temperatures from dozens of measurements, and the blue continuous curve is an approximation of the obtained points using the polynomial of degree three model. As you can see the graph shows lower cooling efficiency of the central part of the tested exchanger.
SUMMARY
The concept of a multi-point measuring system presented in this article showed in practice the effectiveness and usefulness of FPGA technology for building fully parallel data processing systems. Deprived of phase shifts in the time domain measurements of the surface temperature of the heat exchanger made it possible to visualize its true and accurate heat dissipation characteristics. The presented device can be easily used for continuous monitoring of operating parameters of air conditioning systems in real time, allowing for example detection of sudden partial obstructions in the heat exchanger pipes. Such obstructions are very difficult to detect with other methods.
The modular design of the hardware configuration for the FPGA chip, written in VHDL, allows for very easy adaptation of the device for measuring other physical quantities than temperature, e.g. pressure, humidity, light, radiation, etc. In this case, it is enough to connect other digital sensors to the device and replace in the configuration of the FPGA chip the modules responsible for reading the measurements. FPGAs can meet the most demanding operating parameters, as evidenced, for example, by their intense use in CERN collision detectors. On the basis of the presented solution, it would be relatively simple to build a system that performs simultaneous and independent measurements of many different physical quantities, which would enable the detection of complex relationships between various parameters of a particular environment or device.
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